INTRODUCTION
Erosion is one of the main factors involved in soil degradation. Information on the spatial and temporal variation of runoff and soil erosion is needed to understand land management practices. Sometimes these practices do not give the desired results due to inaccurate estimation of soil erosion. Soil erosion is a major problem world-wide because of its economic and environmental impacts (Lim et al. 2005) . Rainfall-induced erosion and sedimentation problems on railway embankments within Central Queensland, Australia, result in increased maintenance costs (Gyasi-Agyei et al. 2001 , Gyasi-Agyei 2006 , particularly where there is no protective vegetation cover. The detached soil is carried away by overland flow, or runoff, which also causes further soil detachment.
Many computer models have been developed in order to accurately estimate soil erosion, and to find an efficient soil management plan. Some of these models are physical process-or empirically-based, and can be either distributed or lumped. The advantage of physically-based models is the accuracy of their predictions: they can be set up with minimal historical data to produce meaningful results (Vieux and Vieux 2002) . Examples of processbased models are the European Soil Erosion Model (EUROSEM) (Morgan et al. 1998) , the Areal Non-point Source Watershed Environment Response Simulation (ANSWERS) (Beasley et al. 1980) , the Kinematic Soil Erosion and Runoff Model 2 (KINEROS2) (Smith et al. 1995) , the Water Erosion Prediction Project (WEPP) (Nearing et al. 1989) , the Chemical Runoff and Erosion from Agricultural Management Systems (CREAMS) (Knisel 1980 ) and the Griffith University Erosion System Template (GUEST) (Fentie 2001) . ANSWERS is a distributed model designed to simulate the hydrological behaviour of catchments having agriculture as their primary land use (Fentie 2001) . The KINEROS2 is an event-oriented model and requires the watershed to be divided into homogeneous overland flow planes and channel segments. This model is suitable for predicting the runoff and soil erosion over small agricultural and urban watersheds. EUROSEM is also single event oriented and used for predicting soil erosion and deposition over land surfaces by rill and inter-rill processes from agricultural fields and small catchments (Morgan et al. 1998) . Water and sediment are routed as a series of interlinked slope planes and channel elements, as in the case of KINEROS2. Soil loss is computed using the dynamic mass balance equation (Woolhiser et al. 1990 ). The WEPP model can estimate hillslope soil erosion and sediment movement using processbased distributed hydrological modelling (Flanagan and Nearing 1995) . The GUEST model uses the concept of transport limit or transport capacity sediment concentration (Fentie 2001) , this being a theoretically-derived expression to estimate the upper limit of sediment concentration. In contrast, WEPP, EUROSEM and KINEROS2 use empirically-based relationships.
In general, the models listed above were developed for large to small agricultural and urban catchments. However, these models need large volumes of data which are usually not available. Moreover, these models were developed for landscapes with slopes <50%.
Although there are publications on runoff and soil loss, limited research has been done on railway formation environments where slopes of >50% prevail. Also, the railway formation slopes are heavily compacted compared with agricultural landscapes, and some have topsoil capping. These features change the runoff and erosion generation and transport mechanisms for railway formation slopes, which may render some of the existing models inapplicable. The railway tracks are generally lengthy and pass through multiple variations of climatic conditions, hence the availability of data for use in models is limited.
Grass cover is one of the important factors affecting soil erosion and runoff generation processes on railway embankment steep slopes (batters) where depth of runoff is less than the critical depth. Grass coverage has an important effect on soil erosion because it helps to slow down the flow of water and reduces splash erosion. Grass roots increase infiltration, allowing rainfall to soak into the ground rather than produce runoff. Milan et al. (2009) observed that the sediment yield decreased with increasing grass cover percentage. Rogers and Schumm (1991) also found that sediment yield increases rapidly as vegetative cover decreases, concluding that <15% vegetative cover is ineffective in retarding erosion. Gyasi-Agyei et al. (2001) observed that the higher the grass cover levels, the lower the runoff amount generated. Gyasi-Agyei (2006) indicated that 60% grass cover can reduce erosion on railway embankment steep slopes by >90%. This is due to an increase of the infiltration rate with that grass cover level. It was also found that, the higher the grass cover levels, the lower the runoff sediment concentration. Therefore, it is paramount to quantify the effects of grass cover on runoff.
In this paper, we present the application of the kinematic wave and infiltration models to predict runoff from railway embankment steep slopes with minimal parameters. The Green-Ampt infiltration model for steep slopes is used to predict infiltration and the explicit finite difference scheme is used to solve the transport equations. The effect of percentages of grass cover was incorporated after relating them to the hydraulic conductivity. The presented model is linked with the Shuffled Complex Evolution (SCE) optimization method (Duan et al. 1992) to automatically calibrate the parameters. The presented model output is also compared with that from KINEROS2.
First, the limited field measurements undertaken are presented, followed by the details of the rainfallrunoff model used. The results and discussions are then presented before the conclusions are drawn in the last section.
FIELD MEASUREMENTS
The field trial site is located on the Gregory railway line embankment near Blackwater, Queensland, Australia. This site has been used for soil erosion research for over 15 years Sibley 2000, Gyasi-Agyei et al. 2001) . Typical railway formation geometry is shown in Fig. 1 . The embankment slope, measured using a theodolite, is about 55%. Twelve adjacent plots with different percentages of grass cover were prepared in order to assess grass cover effects on runoff and erosion.
Apart from the topographic conditions on the site, the width of a vegetation buffer system is important in filtering agriculture runoff, as wider buffers trap more sediment (Yuan et al. 2009 ). Areas with high, steep slopes would be expected to produce greater loading and the overall performance of buffer strip systems may be reduced (Helmers et al. 2008) .
For the railway embankments, rill development at the top of the steep slope undermines the embankment integrity. Hence on-site erosion is of primary importance compared to off-site issues. Also, the adjoining vegetated pasture landscapes filter the sediment-laden water from the embankment and prevent pollution of watercourses. Hence, for the railway embankment, the critical part is at the top where a sharp slope transition occurs (Fig. 2) . Acceleration of runoff due to the sudden change in slope from nearly 0 to over 55% increases the erosion potential. This process leads to initiation of rills at the change of slope that would grow and extend towards the ballast region with the potential of the ballast falling down the steep slopes.
For steep slopes on railway formations, the ultimate goal is to achieve 100% grass with minimal erosion and sediment transport. However, the cost of establishment of 100% grass cover at once is quite expensive due to costs associated with irrigation. Therefore, the primary intention is to establish the minimal grass cover necessary to minimize soil erosion to an acceptable level. Once the minimal cover is achieved at the critical top section, the grass will naturally grow to cover the whole slope length after successive wet seasons. Experiments conducted have indicated that a minimum buffer strip width of 3 m at the critical top section is sufficient (e.g. Gyasi-Agyei 2004) . Therefore, the experimental plot layout on the batters consisted of the control (0% grass, bare plot), 50% grass cover at the top critical section and 100% grass cover of the complete slope. Unlike agricultural slopes, where the aim is to reduce the overall sediment delivery from the area, this project aims to stop soil movement right at its origin at the critical top portion of the slope. Hence, for the 50% grass cover plots, the upper half serves as a vegetated buffer zone. Rainfall and runoff were monitored at 1-min time intervals on the 10-m-wide embankment batter plots. Total bed load (trapped in the trough) and suspended sediment eroded from plots were also measured for groups of storm events within sampling intervals. Runoff tipping buckets and pluviometers were used to collect the runoff and rainfall data, respectively. Different types of surface treatments, i.e. amounts of grass cover, were chosen (Figs 3 and 4) to assess the effect of percentage grass cover on runoff and soil erosion. Erosion control strategies being implemented by the railway company involve drip irrigation to aid the quick establishment of grass cover on new or remediated earthworks (Gyasi-Agyei 2004 , GyasiAgyei et al. 2005 . All plots, with the exception of the two central ones (plots 56 and 58 in Fig. 3) were covered with grasses, so it was necessary to reduce the grass cover to the designed percentages, as indicated in Fig. 4 . An excavator was used to remove grass, preserving a uniform surface slope with minimal disturbance to the soil surface. Normally, runoff from the top of the embankment drains towards the batter. This runoff was diverted from the top of the plots using timber logs, as the intention was to measure runoff and soil loss from the batter sections only. Plots 51 and 59 were allowed to take runoff from the top section.
The runoff and sediment measuring system have been described in Gyasi-Agyei et al. (2001) and Gyasi-Agyei (2004 , 2006 . Two data loggers (designated "A" and "B") were used to collect the rainfall and runoff data; data logger A was used for plots 58-63 and data logger B for plots 51-56. A trough was placed along the bottom border of each plot to collect the bed load sediment.
A calibration relationship is required to convert the number of tips per minute into runoff in litres. Due to the long exposure to ultraviolet radiation, some buckets were distorted ( Fig. 5 ), thus exhibiting different calibration curves. For example, runoff volume per tip was higher for buckets 2 and 4 compared to buckets 3 and 5.
Initially, two runoff buckets were calibrated in the field. There was a significant variation in the results at the lower flow rates (i.e. up to 5 tips/min). Therefore, it was decided to test all runoff buckets at the Central Queensland University hydraulics laboratory in a controlled environment. From Fig. 6 , it is clear that different calibration equations needed to be used for the different tipping buckets. Similarly, a calibration equation was developed for the pluviometer to convert bucket tips to rainfall in mm.
Rainfall and runoff data were collected for the period from October 2009 to April 2010. Eleven events were selected for calibration and validation of the model. A minimum of 30 minutes was used to separate storm events, and only events with total rainfall of 5 mm or more, and duration in excess of 20 min, were considered. From the observed data, rainfall duration of 20 min or more generates a significant runoff on the control (0% grass cover) plots. The summary of the selected events is shown in Table 1 .
THE RAINFALL-RUNOFF MODEL General
The model presented is an event-oriented, physicallybased model describing the processes of surface runoff. The explicit finite difference techniques were used to solve the partial differential equations. The model consists of three modules (sub-models): (a) infiltration, (b) overland flow and (c) trough routing. Figure 7 presents the steps involved in the modelling process.
Overland flow model
The kinematic wave approximations of the Saint Venant equations were used to model water movement on the batters. For a kinematic wave, the acceleration and pressure terms in the momentum equation are negligible, so the wave motion is described by the continuity equation. The kinematic wave model is defined as (Kazezyilmaz-Alhan et al. 2005) :
where q is discharge per unit width (m 3 s -1 m -1 ), h is the depth of water (m), f is the infiltration rate (m s -1 ), i is the rainfall intensity (m s -1 ), t is time (s), and x is distance (m). The discharge per unit width (Q/B), q, is given as:
where S 0 is the bed slope (m m -1 ), n is Manning's roughness coefficient, α = (1/n)S 0 1/2 , and m = 5/3. After substituting equation (2) into equation (1), the combined equation becomes:
Equation (3) needs to be solved for the runoff depth, h (m). The right hand side of the equation needs to provide rainfall and infiltration information.
Infiltration model
The Green-Ampt model applies Darcy's law considering water entering into the soil as slug flow (Parsons and Muñoz-Carpena 2009):
where f is the infiltration rate (m s -1 ), K s is the hydraulic conductivity (m s -1 ), H 0 is the depth of water ponded on the surface (m), L f is the distance from the surface to the wetting front (m), and S f is the effective suction at the wetting front (m). Cumulative infiltration, F, is defined as:
where M is the moisture deficit, i.e. the difference between saturated (θ s ) and initial (θ i ) volumetric water contents (m 3 m -3 ). Assuming H 0 ≈ 0 (i.e. the surface has just ponded) gives:
The effective suction at the wetting front, S f , requires some knowledge of the development of the wetting front. This quantity is difficult to determine, and it is often replaced by the average suction at the wetting front that is found from the soil water characteristics. The following form of the Green-Ampt (GA) equation has been derived from the direct application of Darcy's law (Parsons and Muñoz-Carpena 2009) :
where t (h) is the time since start of the period. The modified Green-Ampt (GA) approach for steep slopes (Chen and Young 2006 ) is used in this study. The sloping surface increases the infiltration by a factor of 1/cos(γ ), where γ is the slope angle. For a sloping surface, the infiltration equations become:
and
Trough routing
The effects of storage and flow resistance within the trough are reflected in the attenuation of the hydrograph shape, i.e. the peak magnitude decreases and time to peak increases. Therefore, the effect of the trough needs to be incorporated in the modelling process. Routing is a process used to predict the temporal and spatial variations of a hydrograph (USACE 1994) , and the storage indication method was used here. Applying the continuity principle, the rate of change of storage within the trough is equal to the difference between inflow and outflow discharge. The relationship between the water level (H) inside the trough and outflow (Q * ), i.e. the rating curve, is: Q * = aHb where a and b are required parameters. These parameters were obtained using the measured data of Q * and H during the calibration of the tipping buckets as a = 0.07 and b = 1.3. As the plots are small, the flow through the trough has a significant effect on the time to peak and the peak value of the runoff. Figure 8 shows the attenuation effect of the trough on runoff.
Relationship of storm size, interception loss and grass cover
Due to the different grass density on the plots, it was necessary to consider interception losses (IL), as this may be a contributing factor to decreased amounts of runoff on grass-covered plots. The IL varies with storm size and the percentage of grass cover. A relationship developed by Corbett and Crouse (1968) , modified to cater for all grass cover percentage, was used in this research: 
where R is total event rainfall (mm) and G is grass cover (%).
Parameter optimization and selection
The parameters were automatically calibrated using the SCE optimization method. Bayes' theorem was used to obtain the posterior density of the parameters (posterior density ≈ likelihood function × prior density) (e.g. Kavetski et al. 2006) . Assuming flat or constant prior for the parameters, and the normal distribution for the errors, the objective function or log posterior, log p(θ |ỹ), is given as:
where h i (θ ,x) is the simulated value from the model using parameter θ ; σ 2 is the variance of the model error;ỹ i is the observed data; and Ny is the number of data points. The experimental site soil, consisting of 25% clay, 18% silt and 57% sand, is classified as sandy clay loam (Gyasi-Agyei et al. 2001) . The median diameter D 50 is 80 µm. Taking values from the literature, the model parameter values were set as listed in Table 2 .
RESULTS AND DISCUSSION
Slope classification was achieved by calculating the normal and critical depths for some events. It was established that the top of the embankment slope is mild, as normal depth is greater than the critical depth and vice versa for the batter slope.
Establishing a relationship between antecedent rainfall and soil moisture
In order to establish the required relationship, the selected 11 events were initially calibrated individually for the important parameters of K s , initial moisture content (IMC) and Manning's roughness coefficient, n, with the suction head and surface storage (S max ) considered fixed and taken from Table 2 . The Nash-Sutcliffe efficiency (NSE) was used to assess the performance of the model. The NSE value based on runoff intensity was computed using the number of sampling points of the observed and simulated runoff hydrographs for each rainfall-runoff event. Data for plots 62 (0% grass), 61 (50% grass) and 54 (100% grass) were used for calibration and those of plots 63 (0% grass), 55 (0% grass), 52 (0% grass) and 53 (50% grass) were used for validation. Figure 9 shows the runoff coefficient (ROC) of the plots with different grass cover percentages. Clearly, plots with 100% grass cover produced less ROC compared to the bare plots as a result of higher infiltration rates and interception losses. Also, IMC (considered as initial saturation), K s and interception loss exhibit a strong relationship with percentage grass cover. It was also found that the ROC varies from event to event, even for the same bare plots. Folly et al. (1999) also observed that the model parameters were dependent on storm characteristics. For this reason, equations were developed for the K s and IMC instead of using fixed values. Figure 10 shows sample plot for Event 1 (E1) for the control Plot 62. As observed for E1 (Table 3 ), the K s value is exceptionally higher than for the other events, because this event occurred after a long dry spell, making the moisture content close to residual moisture content. Shamim and Akae (2011) also found that soils with lower moisture content (dry soils) have the highest K s values. Therefore, the joint calibration of events E2 to E11 (without E1) was carried out to get an idea of the average parameter values of K s and IMC. As a start, the K s value was assumed to be the same for all events and IMC was allowed to vary from event to event. As the surface storage volume should be negligible for steep slope environments, the S max value was taken as 0.06 mm.
From the joint calibration of the 10 events, the average K s value was found to be 0.10 mm/h for the control plot. Therefore, it was assumed that K s for a bare plot would be around 0.10 mm/h, although the literature indicates that K s varies from 0.9 mm/h (silty clay) to 210 mm/h (sand) (Woolhiser et al. 1990 ). The present study area is of a compacted steep slope, hence its K s value is expected to be much lower than the reported values for mild slopes of agricultural landscapes. Mild slopes increase the time for precipitation to travel from the point of impact to a channel, and increase the chance of it to infiltrate downslope (or evaporate) before it reaches the channel (Casanova 1998) . Results obtained by Li et al. (1995) from moderately-sloped tilled land showed a decrease in final infiltration rate with increase in slope angle. Using the same 10 events (E2-E11), average values of K s were found for 50% (1.19 mm/h) and 100% (2.56 mm/h) grass-covered plots.
Using the optimized IMC values (from joint calibration of events E2-E11), a relationship between antecedent rain and soil moisture was investigated. Findell (1997) found a linear correlation between initial soil saturation and precipitation in the subsequent 21 days. From the different number of days lag of the rainfall data, it was found that events 3 and 11 have less antecedent rain (nearly 0), which means they have less initial moisture content, as is reflected in the model run results. Different relationships between antecedent rain and initial moisture content were tested, but the exponential law emerged as the best, based on the correlation coefficient (R 2 ). Findel (1997) indicated a peak value of R 2 just above 0.4. The R 2 value (0.42) for both 1-d and 2-d lag (Fig. 11) is higher compared to 5-d (0.18) and 10-d (0.17) lag rainfall. The correlation for 5-d and 10-d lag is very poor. This is due to very high evaporation within the sub-tropical region as the soil surface dries within a few days, particularly where there is no vegetation cover. Hence 2-d lag total rainfall was used to estimate the initial moisture content. Calibration of the 10 rainfall events resulted in the following relationship:
where LR is 2-d lag rainfall (mm).
The above relationship was used to simulate runoff for the same events. The NSE value obtained was 0.77, and from the visual analysis it was also clear that a good match of the observed and simulated runoff has been achieved.
Establishing a relationship between K s , moisture content and grass cover
The K s value also depends on antecedent moisture, hence K s can be estimated using initial moisture content values. Gerard (1986) and Shamim and Akae (2011) found a power law relationship between water content and K s , the value of K s being higher for dry soils. Rubio et al. (2009) also observed that the average field K s for the dry season (7.5 cm/h) was three times higher than the values in the wet season (2.0 cm/h). The K s value also varies with percentage grass cover: it is found that the K s value is higher for the grass-covered plots compared to the bare plots. For the grass-covered plots, the root system in the soil increases the soil porosity, thus allowing more water to infiltrate, resulting in higher K s values (NRMED 1991) . Following Shamim and Akae (2011), a power relationship was sought between the IMC obtained from equation (13) and individual event K s values. For bare plots, the following relationship is obtained:
The model was run using K s values obtained from equation (14) and the results are presented in Fig. 12 . The NSE value of 0.83 is based on runoff intensity and that of 0.79 is based on runoff volume.
There are two 100% grass-covered plots (60 and 54), but it is seen from Fig. 9 that the runoff coefficient (ROC) for plot 60 is very close to 0 (runoff equal to rainfall on trough), which means that all rainfall on the grass-covered plot has been infiltrated. Therefore, the model was calibrated for Plot 54. The NSE value of -0.25 (intensity) is not reasonable, but occurs due to the low runoff and accuracy of the measuring equipment. The tipping bucket used to measure runoff is only able to measure approximately 3 L per tip per minute. So for low runoff events it takes a longer time for an accumulation to cause a bucket tip due to the resolution of the tipping bucket, and the data logger will record zeros within the duration of a storm event. Therefore, the timing of the runoff intensities of the observed and the simulated events may not be synchronized.
The 50% grass-covered plot (61) has grass on the upper half section of the slope only. Therefore, it is logical to use K s for a 100% grass cover for the upper section and that of the bare plot for the lower section of the slope, rather than using average K s for the whole slope length. The NSE value is 0.67 (runoff intensity) and 0.68 (runoff volume).
The relationships between K s and IMC were also established for 50% and 100% grass-covered plots, values of the constant and exponent parameters being 0.79 and -0.2, respectively, for 50% grass cover, and 2.5 and -0.038 for 100% grass cover.
Inclusion of slope factor
The inclusion of a slope factor in the model improved the model performance slightly (Table 4 and sample plot in Fig. 13 ). From Table 4 , it is clear that, for most of the cases, NSE values are higher when a slope factor is considered in the infiltration model and, when this was done, the average NSE values increased from 0.71 to 0.74. In general, the runoff volumes decrease with increase in the slope angle.
Model validation
The model was validated for plots 63 (0% grass), 55 (0% grass), 52 (0% grass) and 53 (50% grass) using the parameter values obtained during the calibration of plots 62 and 61. Sample results for plots 63 and 55 are shown in Figs 14 and 15. The NSE values for the four plots (63, 55, 52 and 53, respectively), for runoff intensity and volume, respectively, are: 0.78 and 0.66, 0.61 and -1.8, 0.62 and 0.5, and 0.67 and 0.13 . The summary of the validation results is given in Table 5 .
It is to be further noted that, in terms of runoff volume, plot 55 produced a negative NSE value. However, a visual examination of Fig. 15 (for (Fig. 16 ) shows that the model simulated runoff reasonably well for the majority of the cases. The mean percentage error varies from 0.19 to 0.40 (Table 5) . Although there is a difference between the observed and predicted peak flows, the percentage error of the peak flow is small, 13% for Fig. 13 and 12% for Fig. 17 .
Comparison with KINEROS2
The KINEROS2 model has been successfully applied in different environments (from agricultural landscapes to non-agricultural landscapes, and also for small areas). Moreover, it is a physically-based distributed model (Smith et al. 1995) . For these reasons, KINEROS2 was considered for comparison in this study. The model results were compared with KINEROS2 results for some events. For KINEROS2, parameters K s and IMC were calibrated. The simulated runoff obtained from both models is summarized in Table 6 and a sample plot is displayed in Fig. 17 . At the start of the run, KINEROS did not fit well compared to the presented model, and the presented model fits better overall as the percentage error is less. For the developed model it is possible to run many events, and from those results reasonable average values of K s could be obtained. However, in KINEROS, optimized parameter values of K s for individual events could be obtained, and it varied from event to event (Table 6) .
CONCLUSION
A rainfall-runoff distributed 1D model has been developed for railway embankments. The model is based on the Saint Venant continuity and momentum equations for overland flow, the Green-Ampt model for infiltration on steep slopes, and the explicit finite difference method was used to solve the resulting partial differential equations. The model is applied to data from an experimental site. Runoff depth was simulated with reasonable accuracy for 10 runoff events for different plots with different percentages of grass cover. The efficiency of the model was evaluated by graphical plots of observed runoff vs simulated runoff and also by the NSE values.
During the calibration, it was found that the initial moisture content is an important parameter in accurately estimating the runoff. Hantush and Kalin (2005) also found that the relative antecedent saturation is a highly sensitive parameter in KINEROS and that it could have a significant influence on the predictive model output uncertainty. The saturated hydraulic conductivity (K s ) value is also an influential parameter in this model: K s dominates in the spread of cumulative distribution function curves for peak flow and flow volume (Hantush and Kalin 2005) . Here, K s values were estimated using the initial moisture content, and the average values found for different percentages of grass cover were: 0.1, 1.19 and 2.56 mm/h for 0%, 50% and 100% grass cover, respectively.
The model simulated the runoff with acceptable accuracy for the majority of the plots in the study area. In more than 68% of cases, NSE values were above 0.50. In general, the model predicted better for the bare plots compared to the grass-covered plots. Inclusion of a slope factor in the infiltration model improved the performance of the model. Runoff volume varied from plot to plot as the surface cover was different: the higher the grass cover, the lower the runoff volume obtained. It was also found that for one plot (Plot 60), all the rainfall infiltrated with no runoff being produced. Runoff from the slope can be controlled by controlling the grass cover on the embankment steep slope (batter). Interception loss and hydraulic conductivity strongly depend on the percentage of grass cover. The model can be run for a single event as well as for multiple events. Research in progress is incorporating an erosion model component to allow simulation of soil loss for different percentage of grass cover.
